Kekuda R, Saha P, Sundaram U. Role of Sp1 and HNF1 transcription factors in SGLT1 regulation during chronic intestinal inflammation. Am J Physiol Gastrointest Liver Physiol 294: G1354-G1361, 2008. First published March 13, 2008 doi:10.1152/ajpgi.00080.2008-In a rabbit model of chronic intestinal inflammation, we previously demonstrated that the activity of Na-glucose cotransporter (SGLT1), SLC5A1, is inhibited. This inhibition is secondary to a decrease in the number of cotransporters, indicating that the regulation of SGLT1 during chronic inflammation is at the level of transcription. However, the regulation of SGLT1 expression and the transcription factors involved in the regulation are not yet known. In this report, we describe the cloning and characterization of rabbit SGLT1 promoter and the identification of transcription factors affected in villus cells during chronic intestinal inflammation. The promoter sequence for SGLT1 gene was identified by using the publicly available rabbit genomic sequence. Even though rabbit SGLT1 promoter did not have considerable overall homology with other mammalian SGLT1 promoters, two specificity protein 1 (Sp1) and a hepatocyte nuclear factor 1 (HNF1) binding sites were highly conserved among the species. Rabbit SGLT1 cDNA was encoded by 15 exons. Minimal promoter region determination showed that 196 nucleotides upstream of the transcription start site were sufficient for optimal promoter activity. This region encompassed two transcription factor binding sites, Sp1 and HNF1. For maximal SGLT1 promoter activity, these two transcription factor binding sites were essential, and their effect was synergistic, indicating that two separate regulatory pathways might be involved in their regulation. Using mobility shift assays, we further demonstrated that the binding of both Sp1 and HNF1 transcription factors to SGLT1 promoter regions were affected during chronic intestinal inflammation. Thus this report demonstrates that Sp1 and HNF1 transcription factors act in concert to regulate SGLT1 transcription in the chronically inflamed intestine. Na-glucose cotransporter 1; rabbit SGLT1 promoter; transcriptional regulation ELECTROLYTE AND NUTRIENT ABSORPTION is inhibited during inflammatory bowel disease (IBD) leading to diarrhea and malnutrition (1, 3, 4, 17) . Sodium and nutrient cotransporters are not only important for the assimilation of nutrients but also sodium absorption. An example of the sodium nutrient cotransporter is Na-glucose cotransporter 1 (SGLT1) (SLC5A1), which is expressed in the apical membrane of the small intestinal villus cells and transports glucose and galactose in a Na-dependent manner (27) . Using a rabbit model of IBD, we had previously demonstrated that SGLT1 is inhibited in the villus cells (23). Using kinetic and molecular approaches, we showed that the mechanism of inhibition was secondary to a decrease in the number of cotransporters, indicating that the regulation of SGLT1 during inflammation is at the level of transcription.
ELECTROLYTE AND NUTRIENT ABSORPTION is inhibited during inflammatory bowel disease (IBD) leading to diarrhea and malnutrition (1, 3, 4, 17) . Sodium and nutrient cotransporters are not only important for the assimilation of nutrients but also sodium absorption. An example of the sodium nutrient cotransporter is Na-glucose cotransporter 1 (SGLT1) (SLC5A1), which is expressed in the apical membrane of the small intestinal villus cells and transports glucose and galactose in a Na-dependent manner (27) . Using a rabbit model of IBD, we had previously demonstrated that SGLT1 is inhibited in the villus cells (23) . Using kinetic and molecular approaches, we showed that the mechanism of inhibition was secondary to a decrease in the number of cotransporters, indicating that the regulation of SGLT1 during inflammation is at the level of transcription.
The regulatory pathways of SGLT1 during inflammation at the transcriptional level remain largely unknown. Thus it is important to identify the rabbit SGLT1 promoter region. Even though human, rat, and ovine SGLT1 promoter sequences are known, the rabbit SGLT1 promoter has not been identified to date (18, 24, 26) . Given this background, the specific aims of this study were to identify SGLT1 promoter sequence and identify the transcription factors required for the activity of SGLT1 gene under normal and chronic intestinal inflammatory conditions.
MATERIALS AND METHODS

Induction of chronic intestinal inflammation and drug treatment.
New Zealand White male rabbits (2.0 -2.2 kg) were utilized. Chronic intestinal inflammation was produced in rabbits as previously reported (22) . Pathogen-free rabbits were intragastrically inoculated with Eimeria magna oocytes or sham inoculated with 0.9% NaCl (control animals). None of the sham inoculations and 80% of inoculations with coccidia resulted in chronic intestinal inflammation during days [13] [14] [15] . Only enterocytes from those animals that had histologically confirmed chronic ileal inflammation were utilized for experiments. Animals were euthanized with an overdose of pentobarbital sodium through the ear vein according to the IACUC-approved protocols of the West Virginia University.
Cell isolation. Villus cells were isolated from the intestine by a calcium chelation technique as previously described (21, 22) . Previously established criteria were utilized to validate good separation of villus and crypt cells. Some of these criteria included 1) marker enzymes (e.g., thymidine kinase and alkaline phosphatase), 2) transporter specificity [e.g., Na/H on the brush-border membrane (BBM) of villus but not crypt cells], 3) differences in intracellular pH (e.g., intracellular pH is higher in crypt cells compared with villus), 4) morphological differences (e.g., villus cells are larger and with better developed BBM compared with crypt cells), and 5) differing rates of protein synthesis (e.g., higher synthesis rate in crypt cells compared with villus). Previously established criteria were also utilized to study cells with good viability and to exclude cells that showed evidence of poor viability: 1) Trypan blue exclusion, 2) the demonstration of Na/H and Cl/HCO 3 Ϫ exchange activities, and 3) the ability of the cells to maintain a baseline pH or imposed acid or alkaline gradient and return to baseline pH after perturbations. At least one, frequently two, or all three criteria are used to assess viability of all cell preparations (21, 22) .
Identification of rabbit SGLT1 promoter sequence and transcription start site. Rabbit SGLT1 promoter sequence was identified by using the genomic sequence data generated by the National Institutes of Health Intramural Sequencing Center. Genomic assembly with accession number AC166310.1 was used to obtain the 5Ј terminal exons, and it harbored almost all the exons corresponding to the SGLT1 mRNA except the 3Ј end. A trace archive sequence (from National Center for Biotechnology Information, NCBI) with accession number 635823780 was used to identify the 3Ј exon of the SGLT1 mRNA.
To determine the transcription start site, 5Ј rapid amplification of cDNA ends (RACE) technique was used. SMART RACE cDNA amplification kit (Clontech Laboratories, Mountainview, CA) was used to synthesize cDNA from the total RNA isolated from rabbit intestinal villus cells according to the manufacturer's protocol. With the use of the cDNA generated as template, PCR was performed with universal primer mix provided by the manufacturer and a SGLT1 gene-specific anti-sense primer with the sequence GGGCTCAAAGT-GCTGCTG. The resultant PCR product was cloned into pGEM-T Easy vector (Promega, Madison, WI). The identity of the PCR product was confirmed by the custom cDNA sequencing service provided by Agencourt Bioscience, Beverly, MA.
Rabbit SGLT1 promoter subcloning and construction of deletion variants. Using rabbit genomic DNA, a PCR product of 1,373 bp in length, which encompassed rabbit SGLT1 promoter region and part of the coding region, was generated using sense and anti-sense PCR primers designed on the basis of the sequence of AC166310. The sequence of the sense primer was TCAGGAAGGATCCTCGTTTG (Ϫ1,269 to Ϫ1,250), and the sequence of the anti-sense primer was GATGCGCTCATAGGACTCAAG (ϩ60 to ϩ80). The 1,373-bp PCR product thus obtained was used as a template for all subsequent PCR reactions. For the purpose of deletion construct preparation, seven sense oligonucleotide primers containing 5Ј Xho I restriction enzymes designed to the various regions of SGLT1 promoter and a common anti-sense oligonucleotide primer located within the coding region were synthesized. The sequences of the seven sense primes are given below (nucleotide position corresponding to the 5Ј end is given in parentheses, and Xho I restriction enzyme site is underlined in each primer sequence): construct 1, (Ϫ1,049) CCCTCGAGGCTGGT-TCACTCCCCAGAT; construct 2, (Ϫ665) CCCTCGAGGTACCAGT-GCCCCTTGAGAG; construct 3, (Ϫ405) CCCTCGAGGCAGCCTCTT-TACGTCCTGA; construct 4, (Ϫ290) CCCTCGAGGGGCCTTTGTA-ACCAGGAG; construct 5, (Ϫ184) CCCTCGAGGCTTCTCATTCCC-TGCTGAG; construct 6, (Ϫ61) CCCTCGAGCTCCGGGGCTGATCA-TTAAC; construct 7, (Ϫ37) CCCTCGAGAGGCCGTATAAGGA-GCGAGT. The common anti-sense primer corresponded to ϩ41 to ϩ58 nucleotides, and the primer sequence is GGGCTCAAAGTGCT-GCTG. The PCR products generated by the various combinations of sense and the common anti-sense primers had an Nco I restriction site starting at nucleotide ϩ21, and, when digested with Nco I, these PCR products generated a common 3Ј end corresponding to nucleotide ϩ34. For the purpose of the construction of promoter-luciferase gene chimeras, promoterless pGL4.10(luc2) vector containing firefly luciferase reporter gene (Promega) was used. The PCR products were digested with Xho I and Nco I and subcloned into the Xho I and Nco I digested pGL4.10(luc2) vector.
Luciferase assay. Caco-2 cells were obtained from American Type Culture Center (Manassas, VA), and the cells were grown at 37°C in DMEM supplemented with 10% FBS under 10% CO 2 atmosphere. For transfection experiments, the cells were used between passages 10 and 20. Promoter-luciferase constructs were transiently transfected into the Caco-2 cells using Lipofectamine 2000 transfection reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's protocol. To normalize for transfection efficiency, pRL-TK vector expressing Renilla luciferase under the control of herpes simplex virus thymidine kinase gene (Promega) was cotransfected with SGLT1 promoter constructs. Firefly and Renilla luciferase activities were monitored in succession 72 h posttransfection with Dual-Glo Luciferase Assay system from Promega according to the manufacturer's protocol.
PREPARATION OF NUCLEAR EXTRACTS. Nuclear extracts were prepared from the villus cells from normal and inflamed rabbit small intestine using NE-PER nuclear and cytoplasmic extraction kit from Pierce (Rockford, IL) according to the manufacturer's protocol. Nuclear extracts were stored at Ϫ80°C in small aliquots at a concentration of 5 g/l until used.
Mobility shift assays. Mobility shift assays were performed according to the standard protocol (2) . Double-stranded oligonucleotides corresponding to hepatocyte nuclear factor 1 (HNF1) and specificity protein 1 (Sp1) transcription factor binding sites were labeled with radio-activity by [␥- 32 P] adenosine 5Ј-triphosphate using Kinase Max 5Ј end labeling kit (Ambion, Austin, TX). Sequence of Sp1 sense oligonucleotide was TGCCCCGACGTCGCGGGTCCCCTCCTC-CGG, which corresponded to nucleotides Ϫ85 to Ϫ56, and the anti-sense oligonucleotide sequence was CCGGAGGAGGGGAC-CCGCGACGTCGGGGCA. Sequence of HNF1 sense oligonucleotide was CCGGGGCTGATCATTAACCCGGAGGCCG and corresponded to nucleotides Ϫ59 to Ϫ32 in the SGLT1 promoter sequence. HNF1 anti-sense primer sequence was CGGCCTCCGGGTTAAT-GATCAGCCCCGG. Gel shift binding buffer used for mobility shift assays was (in mM) 10 Tris ⅐ HCl, pH 7.5 containing 4% glycerol, 1 MgCl 2, 0.5 EDTA, 0.5 DTT, and 50 NaCl. Complexes containing oligonucleotides and transcription factors were separated on a 4% native polyacrylamide gel and visualized by autoradiography. A total of 1.75 pmol of labeled oligonucleotides was used in each mobility shift assay. Specificity of the transcription factor binding was shown by competition experiments using unlabeled, specific oligonucleotides (Sp1 and HNF1) or nonspecific oligonucleotides [activating enhancerbinding protein 2 (AP2)] at 10-fold and 50-fold molar excess. The sense and anti-sense oligonucleotide sequences of AP2 were GATC-GAACTGACCGCCCGCGGCCCGT, and ACGGGCCGCGGGCG-GTCAGTTCGATC, respectively.
Lipopolysaccharide treatment of promoter-luciferase constructs transfected Caco-2 cells. Caco-2 cells were transfected with different luciferase-promoter constructs as described earlier. They were treated with LPS (Sigma-Aldrich, St. Louis, MO) at a concentration of 50 g/ml 24 h posttransfection for 12 h. Firefly luciferase and Renilla luciferase activities were measured as described above.
Data presentation. When data were averaged, means Ϯ SE are shown except when error bars are inclusive within the symbol. All experiments were done in triplicate and repeated thrice unless otherwise specified. Student's t-test was used for statistical analysis.
RESULTS
Promoter analysis and genomic organization of rabbit SGLT1. Since our laboratory showed that SGLT1 activity is inhibited during chronic intestinal inflammation secondary to a decrease in the number of transporters (23), identification of regulatory elements in the SGLT1 promoter region was necessary to decipher the mechanism of regulation of SGLT1 activity during chronic inflammation. A search of the genomic database with rabbit SGLT1 cDNA sequence (9) yielded a genomic assembly with accession number AC166310.1, harboring almost all the exons corresponding to the SGLT1 cDNA except the 3Ј end. A trace archive sequence (from NCBI) with accession number 635823780 was used to identify the 3Ј end exon of the SGLT1 cDNA. The exon/ intron analysis showed that SGLT1 gene is encoded by 15 exons (Fig. 1 ). Since the genomic sequence of rabbit is incomplete, the total length of the SGLT1 gene could not be deciphered.
Rabbit SGLT1 promoter cloning and construction of deletion variants. Putative transcription start site for rabbit SGLT1 was identified by 5Ј RACE (data not shown). Rabbit genomic assembly AC166310.1 encompassed 8.2-kb upstream sequence from the putative transcription start site. A 1,373-bp promoter fragment, extending from nucleotides Ϫ1,269 to ϩ104, was first PCR amplified using rabbit genomic sequence as a template, which was subsequently used as a template for the construction of deletion variants.
For the determination of minimal promoter region necessary for SGLT1 promoter activity, seven deletion constructs were prepared. This was accomplished by performing PCR using seven upstream primers designed for the various regions of SGLT1 promoter and a common downstream primer as described in MATERIALS AND METHODS. The resultant PCR products, the length and position of which are shown in Fig. 4 , were subcloned into pGL4.10(luc2) vector unidirectionally upstream of firefly luciferase reporter gene. Identity of all the seven constructs was confirmed by sequencing, and the genomic sequence between nucleotides Ϫ1,049 and ϩ38 is shown in Fig. 2 (GenBank accession number EU414633).
To date, human (24) , rat (18) , and sheep SGLT1 (26) promoter sequences have been identified. Next we compared the 275-nucleotide-long rabbit SGLT1 promoter with the promoter sequences of rat (GenBank accession number AF007832), human (GenBank accession number Z74021), and sheep (GenBank accession number AJ223077) SGLT1 genes. As shown in Fig.  3 , even though overall homology of the promoter sequences between the four species was insignificant, four highly conserved blocks of sequences were observed. At nucleotide position Ϫ31, TATA box was located. At position Ϫ55, a highly conserved sequence that represents HNF1 transcription factor binding site was located. At nucleotide positions starting at Ϫ253 and Ϫ69, we observed two other conserved sequences, which corresponded to the Sp1 transcription factor binding sites, also known as GC box sequences and are labeled as GC box 1 and GC box 2, respectively, in Fig. 3 .
Determination of minimal promoter region required for the function of rabbit SGLT1 promoter. We constructed a series of deletion variants for the purpose of determining the minimal promoter sequence necessary for SGLT1 promoter activity (Fig. 4) . Constructs 1-4 are systematic deletion of SGLT1 promoter sequence starting at nucleotide Ϫ1,049. Construct 5 had a deletion of GC box 1, construct 6 had a deletion of GC box 2, and construct 7 had a deletion of HNF1 transcription factor binding site. For the functional analysis of SGLT1, first we determined the transfection efficiency of intestinal epithelial cell (IEC)-18 (rat intestinal) and Caco-2 (human intestinal) epithelial cells using construct 1, the longest construct containing 1,049-nucleotide-long promoter sequence. Under the experimental conditions used, Caco-2 cells showed high transfection efficiency, whereas IEC-18 cells did not transfect well, and hence Caco-2 cells were used for the functional analysis of SGLT1 promoter (Fig. 5A) .
Next, the various deletion constructs were transfected into Caco-2 cells along with pRL-TK vector, which was used to The sequence of 1,049-nucleotide-long promoter region, upstream of the transcription start site, is given below. Transcription start site (TSS), putative translational start site (START), TATA box (at nucleotide Ϫ31), hepatocyte nuclear factor 1 (HNF1) (between nucleotides Ϫ55 to Ϫ42), and two predicted GC-box sequences (between nucleotides Ϫ253 to Ϫ243 and Ϫ69 to Ϫ60) are highlighted. normalize transfection efficiency. Assay for the expression of firefly gene was performed to determine SGLT1 promoter function. As can be seen from Fig. 5B , constructs 1 through 3 exhibited increasing levels of promoter activity and constructs 4 and 5 (GC box 1 deletion) showed maximal luciferase activity. However, construct 6 (GC box 2 deletion) showed 40%, and construct 7 (HNF1 transcription factor binding site deletion) showed 10% promoter activity compared with construct 5. These results showed that GC box 1 function is dispensable for SGLT1 promoter function. These results also showed that GC box 2 and HNF1 transcription factor binding sites were essential for SGLT1 promoter function and that the effect of these two transcription factors is synergistic.
Mobility shift assays using Sp1 and HNF1 transcription factor binding oligonucleotides and nuclear extracts from villus cells from the normal rabbit small intestine. Since deletion experiments showed that GC box 2 and HNF1 transcription factor binding sites were essential for SGLT1 promoter activity, we performed mobility shift assays to demonstrate that the oligonucleotides corresponding to these two sites bind their respective transcription factors. As seen in Fig. 6A , mobility of Sp1 oligonucleotide shifted in the presence of villus cell nuclear extract giving rise to two bands, a slowmigrating and fast-migrating band (Fig. 6A, lane 2) . A nonspecific oligonucleotide, AP2 transcription factor binding, did not inhibit the binding of the Sp1 oligonucleotide (Fig. 6A,  lanes 5 and 6) . On the other hand, excess cold Sp1 oligonucleotide inhibited the binding of the labeled Sp1 oligo to the nuclear extract (Fig. 6A, lanes 3 and 4) , demonstrating that Sp1 oligonucleotide binding to the nuclear extract factor is specific. Similar experiments were carried out using the putative HNF1 transcription factor binding oligonucleotide. As seen in Fig.  6B , nonspecific AP2 oligonucleotide did not inhibit the binding Fig. 3 . Multiple alignment of SGLT1 promoter sequences. 255-nucleotide-long rabbit promoter sequence was compared with human, rat, and sheep SGLT1 promoter sequences. Conserved nucleotide sequences among all the four SGLT1 promoters are highlighted in black. The sequence comparison shows blocks of highly conserved sequences between species. TSS at position ϩ1 is underlined. Predicted translational start site, specificity protein 1 (Sp1) (GC box 1 and 2), and HNF1 transcription factor binding sites are labeled. of labeled putative Sp1 transcription factor consensus sequence (lanes 5 and 6), whereas the binding was completely inhibited by cold Sp1 oligonucleotide (lanes 3 and 4) at 50-fold molar excess.
Mobility shift assays using Sp1 and HNF1 transcription factor binding oligonucleotides and nuclear extracts from villus cells from the chronically inflamed rabbit small intestine.
To decipher whether chronic intestinal inflammation had any effect on the binding of labeled Sp1 oligonucleotide, we performed mobility shift assays with the nuclear extracts obtained from the villus cells from the normal and chronically inflamed rabbit villus cells. As seen in Fig. 7A , nuclear extract from the villus cells from the normal rabbit intestine gave the expected two shifted bands; slow-migrating and fast-migrating (lane 2). On the other hand, when nuclear extract from the villus cells from the inflamed rabbit intestine was used, we did not see any change in the fast-migrating band, whereas the mobility of the slow-migrating band decreased further, producing a smear instead of a sharp band obtained when the nuclear extract was used from the villus cells from the normal rabbit intestine (Fig. 7A, lane 3) . Figure 7B shows mobility shift experiments performed using the nuclear extracts from the villus cells and the labeled HNF1 transcription factor binding oligonucleotide (Fig. 7B) . When the nuclear extract from the villus cells from the normal rabbit ileum was used, we obtained slow-and fast-migrating shifted bands with labeled HNF1 oligonucleotide (Fig. 7B, lane 2) . On the other hand, when the villus cell nuclear extract from inflamed ileum was used, the mobility of the slow-migrating band shifted upwards further, producing a diffuse band (Fig.  7B, lane 3) . 6) and specific oligos (Sp1), which abolished the binding when 50-fold excess nucleotide was used (lanes 3 and 4) . B: when similar experiments were carried out with HNF1 oligonucleotide, two shifted bands were observed (lane 2). The specificity of binding was determined by the use of nonspecific oligo (AP2) in 50-fold molar excess, which did not inhibit the binding (lanes 5 and 6) and specific oligos (HNF1), which abolished the binding when 50-fold excess nucleotide was used (lanes 3 and 4) . 
Effect of LPS on the SGLT1 promoter deletion constructs.
To decipher whether SGLT1 deletion constructs containing minimal promoter regions could be used to delineate regulatory pathways during chronic intestinal inflammation, Caco-2 cells transfected with the promoter constructs were treated with LPS, and luciferase assays were performed (Fig. 8, A and B) . LPS inhibited SGLT1 promoter activity to a significant extent when construct 5, where the Sp1 transcription factor binding site (GC box 2) was intact, was transfected into Caco-2 cells (Fig. 8B) , whereas no inhibition of luciferase activity was observed when Sp1 transcription factor binding site was removed (Fig. 8B, construct 6 ). This data showed that Sp1 transcription factor is absolutely essential for the regulation of SGLT1 promoter activity upon LPS treatment.
DISCUSSION
In this study we reported the identification of rabbit SGLT1 gene promoter by using the rabbit genomic sequence available from the public sequence database. Even though the rabbit genomic sequence was incomplete, we were able to identify the genomic sequence representing all the exons representing the SGLT1 cDNA using both the draft genomic assemblies and trace archive sequences from NCBI. Rabbit SGLT1 cDNA sequence is 2,164 bp long (9) . However, 5Ј RACE results indicated that there are 12 extra nucleotides with sequence GAGGGACGCGTT at the cDNA 5Ј terminus compared with the published cDNA sequence. Rabbit SGLT1, like its human ortholog, is encoded by 15 exons (24) . Since the primary goal of this report is to characterize the SGLT1 promoter, lack of information on the total size of the genomic DNA encoding SGLT1 does not affect the conclusions drawn in this paper. Fig. 7 . Mobility shift assay using nuclear extracts from the villus cells from the normal and chronically inflamed rabbit intestine and Sp1 and HNF transcription factor-binding oligonucleotides. A: results showed that the slowmigrating band with the nuclear extract from the villus cells from the chronically inflamed rabbits shifted further, generating a diffuse band (lane 3) compared with the one when nuclear extract from the villus cells from the normal rabbits (lane 2). Lane 1 shows the lane where no nuclear extract was used. B: mobility shift assay using nuclear extracts from the villus cells from the normal and chronically inflamed rabbit intestine and HNF1 transcription factor binding oligonucleotide. The results again showed that the slowmigrating band with the nuclear extract from the villus cells from the chronically inflamed rabbits shifted further generating a diffuse band (lane 3) compared with the one when nuclear extract from the villus cells from the normal rabbits (lane 2). Lane 1 shows the control experiment where no nuclear extract was used. Fig. 4 for details) . B: Caco-2 cells were transfected with constructs 5, 6, and 7; 24 h posttransfection, Caco-2 cells were treated with 50 g/ml LPS, and luciferase activity was measured 12 h post-LPS treatment. The results showed that LPS significantly inhibited the luciferase activity of Caco-2 cells transfected with construct 5, whereas it did not alter the luciferase activity when the Caco-2 cells were transfected with construct 6 or 7.
Even though rabbit promoter sequence did not show significant overall homology to the SGLT1 promoter sequences from other species, three transcription factor binding sites located within nucleotides Ϫ255 and Ϫ1 were highly conserved ( Fig.  3 ; GC box 1, GC box 2, HNF1) compared with rat, sheep, and human SGLT1 promoter sequences (18, 24, 26) . Since a high degree of DNA conservation underscores the functional significance of the regulatory elements (20) , we mainly focused on these three regulatory elements in the present study. Even though we identified a 8.2-kb promoter region, we did not analyze the upstream promoter region since the study of a long promoter could get complicated by the presence of numerous cis-and trans-activating elements. This point is validated by the observation that when a longer 1,061-bp SGLT1 promoter sequence was used, the expression of luciferase was the lowest compared with the shorter constructs, indicating the presence of negative regulatory elements in this longer promoter construct (Fig. 5B) . We observed that the construct containing Ϫ290 to Ϫ1 of the promoter sequence had maximal luciferase activity, indicating that the promoter sequence upstream of this region harbors one or more negative regulatory elements.
Minimal promoter determination studies of Martin et al. (13) showed that, for human rabbit SGLT1 promoter function, all three conserved transcription factor binding sites, GC box 1, GC box 2, and HNF1, were necessary. Contrary to these findings, as seen from Fig. 2 and Fig. 5B , rabbit SGLT1 was not regulated by GC box 1 (construct 5); deletion of GC box 1 transcription factor binding site had no effect on luciferase expression. On the other hand, when GC box 2 was deleted, luciferase activity was reduced by 60% (Figs. 2 and 4 , construct 6). When HNF1 transcription factor binding site was deleted (Figs. 2 and 4, construct 7) , luciferase activity was reduced by 90%. These results proved that both GC box 2 and HNF1 sites are necessary for rabbit SGLT1 promoter activity and their effect on SGLT1 promoter regulation is synergistic.
Sp1 is the first identified member of the growing number of Sp1 transcription family (5) that contains three zinc fingers within a highly conserved DNA-binding domain. GC-rich sequences known as GC boxes bind to Sp1 family of transcription factors and regulate gene function. Presently, in humans, six members of Sp1 family are known, Sp1 to Sp6 (11) . All the Sp1 family members have very high homology in the region of the zinc finger domain (84 -95%). Among these, Sp1, Sp4, and Sp6 are transcription activators, and Sp3 can act as both activator and repressor. The role of Sp2 and Sp5 are presently not known. Hence, it is possible that any member of the Sp1 transcription factor might be responsible for SGLT1 promoter activity. Using mobility supershift experiments using antisera against Sp1, Sp2, and Sp3, Martin et al. (13) showed that all three transcription factors can bind to the human GC box 1 and 2 oligonucleotides. However, since all the Sp1 transcription factor family members bind to GC-rich sequences, the mobility shift assay experiments do not prove or disprove the involvement of any of the Sp1 transcription factors. Also, antisera against Sp1 to Sp3 are available but not Sp4 through Sp6. Because of these reasons, we did not perform supershift experiments using antisera against Sp1 transcription factor members, but rather we showed the specificity using specific and nonspecific oligonucleotides corresponding to Sp1 transcription factor binding consensus sequence. Hence, which of the Sp1 transcription factor family members involved in rabbit SGLT1 gene regulation is not presently known.
HNF family of transcription factors includes HNF1-␣, HNF1-␤, HNF3-␣, -␤ and -␥, HNF4, and HNF6 (15) . Among these, HNF1-␣ and HNF1-␤ are expressed in polarized epithelia of different organs including liver, digestive tract, pancreas, and kidney (15) . Recently it has been shown that null mutations of HNF1-␣ not only suffer from diabetes in mice, but also suffer from a renal Fanconi syndrome characterized by glucose loss (16) . Using Northern blot studies, the authors showed that SGLT2 was inhibited by 80 -90% in homozygous HNF1-␣ mutant mice compared with either wild-type or heterozygous mice, whereas SGLT1 levels were unaffected. Using mobility shift assay and cotransfection experiments, Martin et al. (13) also showed that both HNF1-␣ and HNF1-␤ are involved in SGLT1 gene regulation. However, the authors note that the supershifts obtained with the antisera against HNF1-␤ could be nonspecific. Using promoter-luciferase constructs and mobility shift and mobility supershift assays, Vayro et al. (25) showed that ovine SGLT1 gene is regulated by both HNF1-␣ and HNF1-␤. Rhoads et al. (18) showed that rat circadian periodicity of intestinal SGLT1 mRNA is transcriptionally regulated. By analyzing the rat SGLT1 promoter sequence, the authors showed an HNF1-binding element was capable of forming different complexes with nuclear extracts depending on the time of the day. Our results in the present report show that HNF1 regulates rabbit SGLT1 gene regulation (Fig. 6B) , further underscoring the importance of HNF1 transcription factors in SGLT1 gene regulation.
HNF1 is a glycosylated protein and exists as a homo-or heterodimer (15) . It also interacts with an accessory protein called dimerization cofactor for HNF1 (DCoH) (14) . HNF1 is highly regulated during embryonic development (15) . Sp1 family of transporters is also known to be regulated by glycosylation and phosphorylation (12) . Because of the functional conservation of these two transcription factors and the fact that SGLT1 is transcriptionally regulated during chronic intestinal inflammation, we speculated that SGLT1 gene regulation during inflammation is brought about at the level of the transcription factors. Hence mobility shift assays were performed using nuclear extracts obtained from villus cells from normal and chronically inflamed rabbit intestine and Sp1-and HNF1-binding oligonucleotides (Fig. 7, A and B) . As can be seen from these figures, we did not see any difference in the fastmigrating bands obtained with either labeled Sp1 or HNF1 oligonucleotides, whereas the slow-migrating bands in both the cases shifted upwards, giving rise to diffuse bands (Fig. 7, A  and B; lanes 2 and 3) . These results demonstrated that both these transcription factors are affected during chronic intestinal inflammation. The shift in migration of the labeled oligonucleotides could be brought about by phosphorylation, glycosylation, or both of the transcription factors. It could also be brought about by association with accessory proteins; for example, association with DCoH in the case of HNF1. The exact nature of the modification of transcription factors is not known and is being investigated presently in our laboratory.
One of our aims of the present study is to find out whether we can use the minimal SGLT1 promoter constructs to study pathways of SGLT1 regulation. One of the most widely accepted theories of IBD pathogenesis is that the disease is brought about by an aggressive cell-mediated immune re-sponse to commensal bacteria in the small intestine and colon (6, 7, 10) . Since LPS is produced by the gram-negative bacteria, LPS treatment could be used in vitro to mimic the effect of the commensal bacteria in vivo. In fact, it was previously shown that LPS injection into mice could be used as a model for severe experimental gram-negative sepsis and that glucocorticoid treatment reduced LPS-induced cytokine production (19) . It was also shown that gram-negative bacteria can activate NF-B through LPS binding to membrane-bound toll-like receptor 4 (TLR-4, 8) . Since NF-B is one of the transcription factors upregulated during chronic intestinal inflammation, leading to the expression of inflammatory cytokines (28), we used LPS to treat Caco-2 cell lines transfected with promoter constructs as a cellular model for chronic intestinal inflammation. As can be seen from Fig. 8B , LPS significantly inhibited the expression of construct 5, whereas it did not have any effect on construct 6. The conclusions drawn from this experiment are twofold; one is that LPS acts via the regulation of Sp1 transcription factor or both Sp1 and HNF1 transcription factors, and second is that the minimal SGLT1 promoter constructs could be used for the study of inflammatory pathways. The pathways of SGLT1 transcriptional dysregulation during inflammation are not presently known. The availability of the promoter constructs now paves the way to future studies of deciphering second messenger pathways that affect SGLT1 during inflammation. Further delineation of the regulatory pathways of SGLT1 regulation using the promoter constructs is underway in our laboratory.
